Focal copy number gains or losses are important genomic hallmarks of cancer. The genomic distribution of oncogenes and tumor-suppressor genes (TSG) in relation to focal copy number aberrations is unclear. Our analysis revealed that the mean distance of TSGs from oncogenes was significantly shorter than that of noncancer genes, suggesting that oncogenes and TSGs tend to be in close physical proximity in the human genome. Such relationship was conserved in mouse and drosophila. Pan-cancer analysis using data from The Cancer Genome Atlas indicated that oncogenes without a nearby TSG are more prone to amplification. In conclusion, our study provides evidence for the nonrandom distribution of oncogenes and TSGs across different species. Our data also support that the existence of a neighboring TSG can suppress amplification of an oncogene, shedding new light on a previously unappreciated protective mechanism of TSGs.
Focal copy number aberrations (CNAs) are defined as somatic, submicroscopic gains or losses of genetic materials in a region of 3 Mbp (Krijgsman et al. 2014) . Such genomic alterations are key to the development of different human cancers through aberrant activation of oncogenes (e.g., MYC, CCND1) via amplification or inactivation of tumor-suppressor genes (TSGs) (e.g., CDKN2A, PTEN) via hemi-or homozygous deletion (Kawate et al. 1999; Elsheikh et al. 2008; Sulong et al. 2009; Beroukhim et al. 2012; Yoshimoto et al. 2012) . Several mechanisms, including nonhomologous end joining, breakage-fusion-bridge cycle and replication slippage, have been proposed to mediate CNAs (Hastings et al. 2009 ). Chromosome architecture, such as the presence of direct and inverted low copy repeats, also impacts on the genomic distribution of CNAs (Hastings et al. 2009 ). However, other factors that affect the frequency and distribution of CNAs in the human genome remain elusive.
Existing literature suggested a higher intensity of purifying selection on cancer-related genes (Thomas et al. 2003) . This has led us to hypothesize that oncogenes and TSGs are more closely related physically, than noncancer-related genes, as such a genomic arrangement would allow potential protumorigenic effect of focal CNAs to be nullified, by coamplification or codeletion of genes with opposite effects ( fig. 1 ).
Therefore, it is conceivable that the distance between oncogenes and TSGs in the human genome should be shorter than those among other genes owing to the survival advantage of such genomic architecture to our species. To test this hypothesis, we compiled the chromosomal locations of all oncogenes and TSGs summarized by Vogelstein et al. (2013) or curated by the TSGene database (Zhao et al. 2016) as well as those of noncancer genes from Ensembl (Flicek et al. 2014) . For noncancer genes, only well-defined genes with official gene symbols (i.e., HGNC) were included. To avoid confounders, genes with reported dual oncogene/TSG function (http://bioinfo.mc.vanderbilt.edu/TSGene/dual.cgi) (Zhao et al. 2016) were excluded from our analysis. A total of 52 oncogenes, 1,043 TSGs and 34,338 noncancer genes from the human genome were analyzed. We first performed permutation tests to compare the distance of TSGs and noncancer genes from oncogenes in a radius of specified distance. It was found that the mean relative distance of TSGs from oncogenes was significantly shorter than that of noncancer genes in a radius of 1.1-3.0 Mbp ( fig. 2A) . The difference was most significant at 1.46 Mbp with a p-value ¼ 0.0001 ( fig. 2B ). Concordantly, an oncogene on average had a higher density of TSGs than noncancer genes normalized by the total number of genes fig. 2C ), suggesting that oncogenes and TSGs tend to be in close physical proximity in the human genome.
We next determined whether the close physical proximity between oncogenes and TSGs is conserved among species by extracting the chromosomal locations of homologous oncogenes and TSGs from the mouse (a closely related species) and drosophila (a distantly related species) genomes. Consistent with the human data, the mean relative distance of TSGs from oncogenes was significantly shorter than that of noncancer genes in both species (supplementary fig. S1 , Supplementary Material online for mouse; supplementary fig. S2, Supplementary Material online for drosophila), suggesting a conserved relationship.
To corroborate our hypothesis, we tested whether oncogenes with one or more TSGs in a radius of 1.46 Mbp (designated as Group I oncogenes) are less prone to amplification than those without (designated as Group II oncogenes). In total, 30 out of the 52 oncogenes had at least one TSG within a 1.46-Mbp radius (supplementary table S1, Supplementary Material online). We next compared the extent of amplification in these two groups of oncogenes in terms of GISTIC score based on the segmentation data obtained from available The Cancer Genome Atlas (TCGA) studies. GISTIC is an algorithm for identifying likely driver somatic CNAs by evaluating the frequency and amplitude of observed events (Mermel et al. 2011) . With this pancancer analysis approach, an overall significantly higher GISTIC score was observed for Group II oncogenes (P ¼ 0.0003; Wilcoxon matched-pairs signed rank test) as compared with Group I oncogenes. GISTIC score analysis in individual cancer types also demonstrated a significantly higher score for Group II oncogenes in 7 out of the 35 cancer types (P < 0.05; Wilcoxon rank sum test; fig. 3A and supplementary table S2, Supplementary Material online). This finding suggests that oncogenes without a nearby TSG are more prone to amplification, probably as a result of positive selection during tumorigenesis of such CNAs that are presumably more oncogenic. In contrast, the frequencies of nonsynonymous point mutations between Groups I and II oncogenes were similar in all cancer types ( fig. 3B ) except kidney cancer (KIRC; P ¼ 0.03). These findings suggest that proximity to a TSG only influenced the propensity of an oncogene to CNAs but not point mutations.
FIG. 1.
Proposed mechanism of survival advantage underlying oncogene-TSG clustering. An oncogene and a tumor-suppressor gene (TSG) in close physical proximity (denoted by A) would have a higher chance of co-amplification or co-deletion than those far apart (denoted by B) given a fixed size of gained or lost region (red color). It is conjectured that such co-amplification or co-deletion will nullify the pro-tumorigenic effect of focal copy number aberrations.
In the present study, we demonstrated that oncogenes and TSGs tend to be in close physical proximity in the human, mouse, and drosophila genomes, which is reminiscent of the computational simulation results from Maley, Lewis, and Reid predicting that genome architecture is under selective pressure to move TSGs near to oncogenes (Maley et al. 2010 ).
Nevertheless, the nature of selection on oncogene/TSG arrangements remains unclear. Oncogenes implicated in pediatric and adolescent cancers (e.g., leukemia, lymphomas, and central nervous system tumors) presumably should have been subjected to the strongest selective pressure for moving toward TSGs, implying that only a subset of cancers and genes might be relevant. The complexity is further increased by the fact that both an oncogene (e.g., MDM2) and a neighboring TSG on a neochromosome could be coamplified, but the TSG was methylated and presumably silenced (Garsed et al. 2014) .
Taken together, our analysis provided the evidence of nonrandom distribution of oncogenes and TSGs in the human genome, which reiterates the importance of the dynamic interplay between oncogenesis and tumor suppression in shaping our genomic architecture. The current data also supported that the distance from a TSG is a key determinant of amplification propensity of an oncogene, shedding new light on a previously unappreciated mechanism by which TSGs antagonize oncogenes.
Materials and Methods

Calculation of Gene Distance and Permutation Test
Gene information was downloaded from Ensembl. For human genes, only genes with HGNC symbols were included for further analysis. Midpoint of each gene was determined from its start site and end site. Distance between two genes was defined as the number of base pairs between their gene midpoints. Relative distance refers to the distance of a TSG or a noncancer gene from an oncogene divided by the radius distance. The gene labels were randomly shuffled 10,000 times to generate new positions of oncogenes, TSGs and noncancer genes for the calculation of p-value.
Calculation of Normalized Gene Density
Gene density is the number of TSGs or noncancer genes in a radius of specified distance divided by the radius distance. Average density is the total number of all TSGs or noncancer genes on a particular chromosome divided by the length of that chromosome. Normalized gene density is gene density divided by average density.
Focal CNA Data
All segmentation data was collected from the TCGA open access data directory. A tumor types with CNA profiles obtained by whole-genome sequencing were included in the present study. Level 3 data was used to quantify CNA. Only amplified genes were included for GISTIC analysis.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online. (A, B) The mean relative distance of TSGs from oncogenes was significantly shorter than that of noncancer genes in a radius of 1.1-3.0 Mbp as confirmed by permutation tests. (C) Normalized gene density of TSGs was higher than that of noncancer genes in close proximity (i.e., <1.5 Mbp) to an oncogene. Data was expressed as mean 6 S.E.M.
Author Contributions
Close Proximity of Oncogenes and TSGs . doi:10.1093/molbev/msw295 MBE
